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Abstract We fabricated a highly efficient, broadband light
emitting diode driven by an optical near field generated at
the inhomogeneous domain boundary of a dopant in a ho-
mojunction bulk Si crystal and evaluated its performance.
To fabricate this device, a forward current was made to flow
through a Si p–n junction to anneal it. During this process,
the device was irradiated with near-infrared light, producing
stimulated-emission light using a two-step phonon-assisted
process triggered by the optical near field, and the anneal-
ing rate was controlled in a self-organized manner. The
device emitted light in a wide photon energy region of
0.73–1.24 eV (wavelength 1.00–1.70 μm). The total power
of the emitted light with 11 W of electrical input power was
as high as 1.1 W. The external power conversion efficiency
of the emitted light was 1.3%, the differential external power
conversion efficiency was 5.0%, the external quantum effi-
ciency was 15%, and the differential external quantum effi-
ciency was 40%. The dependency of the emitted light power
density on the injected current density clearly showed a
characteristic reflecting the two-step phonon-assisted tran-
sition process.
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1 Introduction
The emission wavelength of semiconductor light emitting
diodes (LEDs) is determined by the bandgap energy, Eg ,
of the materials used. For example, to realize near-infrared
LEDs that emit in the wavelength range 1.00–1.70 μm
(photon energies 0.73–1.24 eV), which contains the optical
fiber communication band, InGaAsP, a direct transition type
semiconductor, is used [1, 2]. To achieve high-efficiency
light emission, it is necessary to employ a complex double-
heterojunction structure that uses an InGaAsP active layer
and an InP carrier confinement layer epitaxially grown on
an InP substrate. The shortcomings of this approach are that
InP is highly toxic [3], and In is a rare material. Silicon (Si),
on the other hand, is a semiconductor having low toxicity
and no concerns about depletion of resources; however, its
emission efficiency is low because it is an indirect transition
type semiconductor. Therefore, until now it has been con-
sidered unsuitable as a material for use in LEDs. However,
because of the growing concern over environmental issues,
LEDs using Si have recently been investigated. For exam-
ple, in the visible region, porous Si [4], Si/SiO2 superlattice
structures [5, 6], and Si nanoprecipitates in SiO2 [7] have
been used, and in the infrared region, erbium-doped Si [8]
and Si–Ge [9] have been used. However, their emission ef-
ficiencies are still low. For example, the external quantum
efficiency and power conversion efficiency of an LED us-
ing a sub-bandgap transition in Si [10] are 0.5% and 0.8%,
respectively.
In this study, using bulk crystal Si having a homojunc-
tion that is extremely simple compared with the structures
described above, we varied the spatial distribution of the
dopant density in the Si by a novel annealing process us-
ing a phonon-assisted process induced by an optical near
field [11] to fabricate a highly efficient, broadband LED. The
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light emission wavelength covered the optical fiber commu-
nications band.
2 Principles of light emission
The phonon-assisted process [11] originates from the prop-
erty that an optical near field couples with a phonon; when
it is used, however, even if light having a photon energy hν
smaller than the bandgap energy Eg of the semiconductor is
incident, an electron–hole pair is created. The reason for this
is that it is possible for electrons in the valence band to be ex-
cited to the conduction band via an electric dipole forbidden
transition to the phonon level, because the optical near field
is a quasiparticle representing a virtual exciton–phonon–
polariton state in which an exciton polariton and a phonon
are coupled in the nano-regime. This excitation is a two-
step transition that has already been applied to photochem-
ical vapor deposition [11], photodetectors [12], photolitho-
graphy [13], subnanometer polishing of glass surfaces [14],
frequency up-conversion [15], and so on. This two-step tran-
sition is explained as follows (Fig. 1(a)) [11, 16].
(1) First step: Transition from the ground state |Eg; el〉 ⊗
|Eexthermal;phonon〉, which is the initial state, to an in-
termediate state |Eg; el〉 ⊗ |Eex;phonon〉. Here, the ket
vector |Eg; el〉 represents the electronic ground state,
and |Eexthermal;phonon〉 and |Eex;phonon〉 respectively
represent the phonon excitation state that is determined
by the crystal lattice temperature, and the phonon ex-
citation state that is determined by the photon energy
of the optical near field. The symbol ⊗ represents the
direct product of the ket vectors representing the two
states. Because it is an electric dipole forbidden transi-
tion, an optical near field is essential in this excitation.
(2) Second step: Excitation from the intermediate state
|Eg; el〉 ⊗ |Eex;phonon〉 to the final state |Eex; el〉 ⊗
|Eex′ ;phonon〉. Here, |Eex; el〉 represents the electron
excitation state, and |Eex′ ;phonon〉 represents the
phonon excitation state. Because this is an electric di-
pole allowed transition, the excitation occurs via not
only an optical near field but also via propagating light.
After this excitation, the phonon excitation state re-
laxes to a thermal equilibrium state with an occupa-
tion probability determined by the lattice temperature
and ends with excitation to the electron excitation state
|Eex; el〉 ⊗ |Eexthermal;phonon〉.
It should be noted that there is an inverse process to this
process, namely, the two-step spontaneous emission process
shown below (Fig. 1(b)) [12]:
(1′) First step: Transition from the initial state |Eex; el〉 ⊗
|Eexthermal;phonon〉 of the electron in the conduction
band to the intermediate state |Eg; el〉⊗ |Eex;phonon〉,
which generates spontaneously emitted light. Because
this is an electric dipole allowed transition, propagating
light and an optical near field can both be generated;
however, the process of generating propagating light is
limited to the transition to |Eexthermal;phonon〉 close to
|Eg; el〉. The reason is that the occupation probability
of |Eex;phonon〉 is low in levels other than those close
to |Eg; el〉 which has an energy on the order of kT
(where k is Boltzmann’s constant, and T is the crys-
tal lattice temperature). In other words, this is because
the phonon excitation state |Eex;phonon〉 is in the ther-
mal equilibrium state since the propagating light does
not generate a phonon. On the other hand, the probabil-
ity of emitting an optical near field does not depend on
the occupation probability of the phonon in the thermal
equilibrium state, because the optical near field gener-
ates a phonon.
(2′) Second step: Transition from the intermediate state
|Eg; el〉 ⊗ |Eex;phonon〉 to the ground state |Eg; el〉 ⊗
|Eex′ ;phonon〉. Because this is an electric dipole for-
bidden transition, only an optical near field is gen-
erated. After this transition, the phonon excitation
state relaxes to the thermal equilibrium state deter-
mined by the crystal lattice temperature and ends with
a transition to the electronic ground state |Eg; el〉 ⊗
|Eexthermal;phonon〉.
Part of the optical near field spontaneously emitted by
the above two-step process is converted to observable prop-
agating light, which is observed in the optical far field [12].
Therefore, electrons are excited by current injection, and an
LED can be realized utilizing processes (1′) and (2′) above.
The emission wavelength of this device is not the bandgap
energy Eg , but depends on the photon energy of the optical
near field in the vicinity of the p–n junction.
It is well known that a phonon is needed for an indirect
transition type semiconductor to spontaneously emit prop-
agating light. This is because, for spontaneous emission,
the wavenumber must be conserved (this is known as the
wavenumber conservation law). An optical near field, how-
ever, has multiple modes that satisfy the wavenumber con-
servation law because the photons are strongly coupled with
multi-mode phonons [11, 16], and the probability of spon-
taneous emission due to the optical near field is extremely
high.
In addition, this phonon-assisted process can also involve
a two-step stimulated-emission process explained in the fol-
lowing (Fig. 1(c)).
(1′′) First step: When an electron in the conduction band
is irradiated with an optical near field, the electron
transitions from the initial state |Eex; el〉 ⊗ |Eexthermal;
phonon〉 to the intermediate state |Eg; el〉 ⊗ |Eex;
phonon〉, and light is emitted via stimulated emission.
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Fig. 1 Three kinds of two-step phonon-assisted processes. (a) Excita-
tion of an electron: (1) and (2) represent the first and second steps of the
excitation, respectively. (b) Spontaneous emission: (1′) and (2′) repre-
sent the first and second steps of the transition, respectively. (c) Stimu-
lated emission: (1′′) and (2′′) represent the first and second steps of the
transition, respectively. ONF: optical near-field
Similar to the first step (1′) of the spontaneous emis-
sion described above, the transition processes that gen-
erate propagating light are extremely limited. Here,
when the electron number densities of occupation in
the initial state |Eex; el〉 ⊗ |Eexthermal;phonon〉 and the
intermediate state |Eg; el〉 ⊗ |Eex;phonon〉, nex and
ninter , satisfy the Bernard–Duraffourg inversion condi-
tion (nex > ninter) [17], the number of photons created
by stimulated emission exceeds the number of photons
annihilated by absorption.
(2′′) Second step: Transition from the intermediate state
|Eg; el〉 ⊗ |Eex;phonon〉 to the final state |Eg; el〉 ⊗
|Eex′ ;phonon〉, which emits light via stimulated emis-
sion. Because this is an electric dipole forbidden tran-
sition, only an optical near field is generated. After
this transition, the phonon excitation state relaxes to
a thermal equilibrium state determined by the crystal
lattice temperature, and ends with a transition to the
electronic ground state |Eg; el〉 ⊗ |Eexthermal;phonon〉.
3 Device fabrication
To realize the device proposed in this paper, we used the
two-step phonon-assisted process involving optical near
fields two times. The first was for operating the device to
obtain spontaneously emitted light, and the experimental re-
sults of this are reported in the next section. The second was
for fabricating the device, in other words, for self-organized
control of the spatial distribution of the dopant density suit-
able for high-efficiency spontaneous emission. The second
usage method is described in this section.
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To fabricate the device, As-doped n-type Si crystal wafer,
with an electrical resistivity of 10  cm and a thickness of
625 μm was used. The Si crystal wafer was then doped with
B using ion implantation to form a p-layer. The B implan-
tation energy was 700 keV, and the ion dose density was
5 × 1013 cm−2. After forming a p–n junction in this way, an
indium tin oxide (ITO) layer with a thickness of 150 nm was
deposited on the p-layer side, and an Al layer with a thick-
ness of 80 nm was deposited on the n-layer side, both by
RF sputtering, and these were used as positive and negative
electrodes. Then, the Si crystal wafer with the electrodes at-
tached was diced into a single device. The surface area was
about 10 mm2.
Finally, a forward bias voltage of 16 V was applied (cur-
rent density, 4.2 A/cm2) to generate Joule heating for per-
forming annealing, diffusing the B and varying the spatial
distribution of its concentration. During this process, laser
light (optical power density, 10 W/cm2) with a photon en-
ergy (hνanneal = 0.95 eV, wavelength 1.30 μm) smaller than
the bandgap energy of Si (Eg = 1.12 eV) [18] was radi-
ated from the ITO electrode side. This induced a phonon-
assisted process, modifying the B diffusion by annealing,
and forming characteristic minute inhomogeneous domain
boundaries in a self-organized manner. This was due to the
following three reasons:
(1) Because the forward bias voltage (16 V) is much higher
than Eg (= 1.12 eV), the difference (EFc − EFv) be-
tween the quasi-Fermi energy of the conduction band,
EFc, and the quasi-Fermi energy of the valence band,
EFv , is higher than Eg , thus satisfying the Bernard–
Duraffourg inversion condition (nex > ninter). Also,
when light with a photon energy hνanneal below Eg is
radiated, this light propagates in the substrate without
being absorbed in the Si and generates an optical near
field at the domain boundaries of the inhomogeneous
distribution of B [19]. This optical near field excites co-
herent phonons close to the p–n junction, forming an
optical-near-field–phonon coupled state, that is to say, a
virtual exciton–phonon polariton. Because the energy of
this quasiparticle is equal to the sum of the photon en-
ergy and the energy of the induced phonon, even though
hνanneal < Eg , this energy is large enough to cause stim-
ulated emission. Therefore, the electron transitions from
the excitation state to the phonon level via an electric di-
pole forbidden transition due to the incident light with
energy hνanneal (< Eg), and a photon is generated dur-
ing this transition by stimulated emission.
(2) Part of the Joule heating energy due to the forward
bias is spent in the stimulated emission of photons,
and therefore, the annealing rate is decreased. That is,
at sites where the phonon-assisted stimulated emission
in (1) above is easily generated, the shape and dimen-
sions of the B inhomogeneous domain boundaries be-
come more difficult to change. If it is assumed that the
shape of the domain boundary is a sphere of radius r ,
and that r is smaller than the thickness of the active
layer, the probability of generating stimulated emission
in one domain boundary is proportional to the prod-
uct of the number of photons incident on the domain
boundary, the transition probability, and the volume of
the spatial distribution of the optical near field. Ac-
cording to [11], these are proportional to r2, r−2, and
r3, respectively. Therefore, the probability of stimulated
emission (that is, the annealing inhibition rate) is pro-
portional to their product, r3. On the other hand, be-
cause the generated Joule heating is proportional to the
current passing through that domain, the annealing rate
is proportional to r2. Therefore, the temporal rate of
change of the domain boundary size r (dr/dt) is given
by dr/dt = ar2 −br3 (a and b are constants determined
by the forward bias current and optical intensity, respec-
tively), and in the stationary state (dr/dt = 0), it be-
comes r = a/b.
(3) Process (2) above occurs in all domain boundaries in
the device, not just at one domain boundary. In practice,
the sizes and shapes of the domain boundaries are in-
homogeneous, even after reaching the stationary state,
for various reasons, such as the variety of shapes of
the domain boundaries, the presence of a large num-
ber of domain boundaries, inhomogeneous current den-
sity, and so on. Because the probabilities of stimulated
emission and spontaneous emission are proportional to
each other [20], phonon-assisted spontaneous emission
also tends to occur in regions where the phonon-assisted
spontaneous stimulated emission process tends to oc-
cur. Therefore, as process (2) proceeds, the generated
stimulated emission light irradiates the entire device,
and therefore, process (2) does not remain in the light-
irradiation region but spreads in a self-organized man-
ner to the entire device. It is expected that the shapes
and distribution of the domain boundaries formed in this
way will be optimal for efficiently inducing the phonon-
assisted process during device operation.
Figure 2(a) is a photograph showing the device during an-
nealing. A W probe was contacted to the positive electrode,
a 20 μm-thick Al foil was attached to the negative electrode,
and electric power was supplied. The electric power applied
to the device was 11 W. Figure 2(b) is a thermography image
of the device surface temperature 1 minute after applying the
bias current. The surface temperature of the device was 110–
220°C. The temporal variation of the surface temperature
is shown in Fig. 2(c). After a sudden increase to 154°C by
heating due to the bias current, the temperature dropped and
reached a stable value (140°C) after about 6 minutes. This
temperature variation is consistent with the above discussion
related to annealing under light irradiation. Specifically, al-
though the power applied to the device generates Joule heat-
ing, raising the temperature, once the optical near field is
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Fig. 2 Temperature variation due to annealing. (a) Photograph of de-
vice during annealing. (b) Surface temperature distribution of device
1 minute after starting annealing. (c) Temporal change in temperature
at center of device during annealing
generated in the domain boundary where the B concentra-
tion distribution is inhomogeneous, commencing stimulated
emission, part of the Joule heating is dissipated in the form
of light, and the temperature drops, soon reaching the sta-
tionary state. The forward bias was applied for 30 minutes
while irradiating the device with light, which completes the
fabrication of the device.
4 Device operation
The experimental setup used for evaluating the charac-
teristics of the fabricated device is shown in Fig. 3. We
used a spectrometer and an InGaAs linear photodiode array
(Spectra-Physics, Inc., OMA-V1024) to observe the emitted
light spectrum. We used an InGaAs photodiode (Hamamatsu
Photonics K.K., G8370-83) to observe emitted light in the
energy region of 0.73 eV (wavelength 1.70 μm) and above.
We used a wideband optical power meter (Spectra-Physics,
Inc., 407A) to measure the emitted light intensity in the en-
ergy region 0.11–4.96 eV (wavelength 0.25–11.0 μm).
First, Fig. 4 shows the relationship between the injection
current to the device, I , and the forward bias voltage, V . In
this graph, I > 50 mA indicates a negative resistance, and
the break over voltage was 73 V [21]. This was due to the
spatially inhomogeneous current density [21] and the gen-
eration of filament currents, as shown in the inset of Fig. 4.
In other words, the B distribution has a domain boundary,
and the current is concentrated in that region. A center of
localization where the electrical charge is easily bound is
formed in this current concentration region, and an optical
near field is easily generated there. That is, the negative re-
sistance is the principle of the device fabrication described in
Fig. 3 Experimental setup for evaluating device characteristics
Fig. 4 Relationship between current I and forward bias voltage V ap-
plied to device. Inset schematically shows filament currents predicted
from the experimental results
the previous section. The reason why the break over voltage
is higher than the built-in potential of the Si p–n junction is
thought to be because of the high total resistance due to the
thick Si crystal wafer, and the large contact resistance be-
tween the electrodes and the Si crystal wafer. In addition,
although the device surface temperature during annealing
(Fig. 2(b)) is too low for diffusing the B, it is thought that
localized heating occurs due to the filament currents men-
tioned above, which makes the temperature inside the de-
vice sufficiently high. From secondary ion-microprobe mass
spectrometry (SIMS), we confirmed that the B penetration
depth was increased to at least 300 nm by the annealing.
Second, Figs. 5(a) and (b) show photographs of the
external appearance of the non-biased and forward-biased
(current density 4.2 A/cm2) device taken with an infrared
CCD camera (photoreceptor band 0.73–1.38 eV (wave-
length 0.90–1.70 μm)) at room temperature and under flu-
orescent light illumination. Figure 5(b) reveals strong emit-
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Fig. 5 Photograph of device emitting light at room temperature, cap-
tured with an infrared camera under fluorescent light illumination:
(a) current density Id = 0; (b) current density Id = 4.2 A/cm2
ted light. The injection current at this time was 11 W, and
the emitted power reached as high as 1.1 W.
It is well known that commercially available Si pho-
todiodes made by conventional methods emit very small
amounts of light. For comparison, therefore, Fig. 6(a) shows
the extremely weak emission spectrum when a current den-
sity of 0.2 A/cm2 was made to flow in a commercially avail-
able Si photodiode (Hamamatsu Photonics K.K., S3590).
The device was destroyed with a current density higher
than this. In this graph, like the results in [10], the emis-
sion spectrum was distributed on the high-energy side of Eg
(= 1.12 eV). This was due to phonon scattering in the indi-
rect band structure of the Si.
In contrast, the shape of the emission spectrum of our
device differed from that in Fig. 6(a). Figures 6(b)–(d) are
the emission spectra of devices fabricated by annealing for
1 min, 7 min, and 30 min, respectively. The bias current den-
sity was 1.5 ± 0.5 A/cm2. Unlike Fig. 6(a), the emission
spectrum extended to energies lower than Eg . The decrease
in the emission spectral intensity in the energy region below
0.8 eV was due to the sensitivity limit of the photodetec-
tor; in reality, the emission spectrum is thought to extend to
even lower energies. The device fabricated by annealing for
1 min had an intense emission peak close to Eg , which ex-
tended as far as 0.75 eV (wavelength 1.65 μm), as shown in
Fig. 6(b). A new emission peak appeared close to 0.83 eV
(wavelength 1.49 μm) in the emission spectrum of the de-
vice fabricated by annealing for 7 min (Fig. 6(c)). The rea-
son for the particularly small spectral intensity at energies
lower than this peak was because of the sensitivity limit of
the photodetector. There was no intense emission peak at Eg
in the device fabricated by annealing for 30 min (Fig. 6(d)).
On the other hand, a peak (downward pointing arrow in the
figure) appeared in the region corresponding to the photon
energy hν (= 0.95 eV, wavelength 1.3 μm) of the light ra-
diated during annealing, which indicates that an optical near
field was generated by this irradiation light, which restricted
the annealing rate. In addition, the peak in the low-energy re-
gion (0.83 eV) was higher than in Fig. 6(c). Specifically, the
Fig. 6 Emission spectra. (a) Emission spectrum of commer-
cially available Si photodiode (Hamamatsu Photonics K.K., S3590).
(b)–(d) Emission spectra of fabricated devices. Annealing times were
1 minute (b), 7 minutes (c), and 30 minute (d)
emission intensity at this peak position was 14 times higher
and 3.4 times higher compared with Figs. 6(b) and (c), re-
spectively. The emission spectrum was distributed over ener-
gies 0.73–1.24 eV (wavelengths 1.00–1.70 μm), which cov-
ers the optical fiber communication band. The width of this
range is 0.51 eV, which is at least four times larger than the
spectral width of 0.12 eV of a commercially available In-
GaAs LED (Hamamatsu Photonics K.K., L10823) with an
emission wavelength of about 1.6 μm.
Third, Figs. 7(a) and (b) show the relationship between
the output optical power Po and the electrical driving power
Pe of the device fabricated by annealing for 30 min. The
gradient of the straight broken line corresponds to the dif-
ferential external power conversion efficiency. Figure 7(a)
shows the results of measuring the power of the emitted
light in the energy region higher than the photon energy
hν = 0.73 eV (wavelength 1.70 μm). When 11 W of elec-
trical power was applied, the external power conversion ef-
ficiency was 1.3%, and the differential external power con-
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Fig. 7 Relationship between applied electrical power Pe and emitted
optical power Po . (a) Total power of emitted light in photon energy
region 0.73 eV and above. Gradient of broken line corresponds to
differential external power conversion efficiency of 5.0%. (b) Total
power of emitted light in photon energy region 0.11–4.96 eV. Gradient
of broken line corresponds to differential external power conversion
efficiency of 40%
Fig. 8 Relationship between injected current density Id and emitted
optical power density Pd . (a) Squares are measured values of total
power density of emitted light in photon energy region 0.73 eV and
above. Solid curve represents quadratic curve Pd = 0.04I 2d . Gradient
of broken line corresponds to differential external quantum efficiency
of 40%. (b) Squares are measured values of total power density of emit-
ted light in photon energy region 0.11–4.96 eV. Gradient of broken line
corresponds to external quantum efficiency of 50%
version efficiency was 5.0%. Because of the current limit of
the power supply, it was not possible to input a power higher
than this; however, even if a higher power could be applied,
the device can stably operate without being damaged. Fig-
ure 7(b) shows the relationship between Po and Pe in the
photon energy region hν = 0.11–4.96 eV (wavelength 0.25–
11.0 μm). An external power conversion efficiency of 10%
and an external differential power conversion efficiency of
25% were achieved. However, this also included infrared ra-
diation due to heating of the device, which will be necessary
to examine in more detail.
To obtain the quantum efficiency, Fig. 8 shows the rela-
tionship between the emitted optical power density (Pd ) and
the current density (Id ) of the device fabricated by anneal-
ing for 30 min. Figure 8(a) shows the value of Pd in the
energy region higher than the photon energy hν = 0.73 eV
(wavelength 1.70 μm). The measured values, indicated by
the squares, were fitted by the quadratic curve Pd = 0.04I 2d
shown by the solid curve. In other words, in contrast to con-
ventional devices in which Pd is proportional to Id , in this
device Pd is proportional to I 2d . This is because the two-
step spontaneous emission process described in Sect. 2 is
dominant; in other words, a single electron is converted to
two photons. When Id was 4.0 A/cm2, the external quantum
efficiency was 15%. When Id was 3.0–4.0 A/cm2, the dif-
ferential external quantum efficiency was 40%. Figure 8(b)
shows the relationship between Pd and Id in the photon en-
ergy region hν = 0.11–4.96 eV (wavelength 0.25–11.0 μm).
The external quantum efficiency reached as high as 150%.
The reason why this value is greater than 100% is because a
single electron is converted to two photons by the two-step
spontaneous emission process, as described above. How-
ever, the measured values of Id in Fig. 8(b) also include
the effects of infrared radiation due to heating of the device,
which it will be necessary to examine in more detail.
If the thickness of the high-resistivity Si crystal wafer
used in this method could be reduced, the electrical effi-
ciency could be increased even more. Also, because the cur-
rent density can be increased, if a method of increasing the
efficiency of extracting light outside the device could be de-
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vised, it should be possible to realize an LED with even
higher efficiency and a wider band. This approach can also
be applied to laser oscillators, and we plan to publish more
details of this in a separate article.
5 Conclusion
Using stimulated emission triggered by an optical near field
generated at the inhomogeneous domain boundary of B
doped in Si, we controlled annealing with current injection
and fabricated a high-efficiency, broadband LED. This de-
vice emitted light by means of a two-step phonon-assisted
process due to the optical near field generated at the inho-
mogeneous domain boundary of B. Even though we used
bulk crystal Si with a simple homojunction structure, the
obtained emission band of the device extended over ener-
gies 0.73–1.24 eV, and with 11 W of input electrical power,
the total optical power was as high as 1.1 W. The external
power conversion efficiency was 1.3%, the differential ex-
ternal power conversion efficiency was 5.0%, the external
quantum efficiency was 15%, and the differential external
quantum efficiency was 40%.
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